Säm Krucker, 4, 5 Lindsay Glesener 4, 6 Solar flares-the most powerful explosions in the solar system-are also efficient particle accelerators, capable of energizing a large number of charged particles to relativistic speeds. A termination shock is often invoked in the standard model of solar flares as a possible driver for particle acceleration, yet its existence and role have remained controversial. We present observations of a solar flare termination shock and trace its morphology and dynamics using high-cadence radio imaging spectroscopy. We show that a disruption of the shock coincides with an abrupt reduction of the energetic electron population. The observed properties of the shock are well reproduced by simulations. These results strongly suggest that a termination shock is responsible, at least in part, for accelerating energetic electrons in solar flares.
T he acceleration of charged particles to high energies occurs throughout the universe. Understanding the physical mechanisms is a fundamental topic in many space, astrophysical, and laboratory contexts that involve magnetized plasma (1) . For solar flares and the often-associated coronal mass ejections (CMEs), it is generally accepted that fast magnetic reconnection-the sudden reconfiguration of the magnetic field topology and the associated magnetic energy release-serves as the central engine driving these powerful explosions. However, the mechanism for converting the released magnetic energy into the kinetic energy in accelerated particles has remained uncertain (2, 3). Competing mechanisms include acceleration by the reconnection current sheet, turbulence, and shocks (2) (3) (4) (5) .
Of possible interest in this regard is the termination shock (TS), produced by super-magnetosonic reconnection outflows impinging upon dense, closed magnetic loops in a cusp-shaped reconnection geometry (6) . Although often invoked in the standard picture of solar flares (7, 8) and predicted in numerical simulations (6, (9) (10) (11) , its presence has yet to be firmly established observationally and, because of the paucity of direct observational evidence, its role as a possible particle accelerator has received limited attention (2, 3) . Previous reports of coronal hard x-ray (HXR) sources in some flares have shown convincing evidence of the presence of accelerated electrons at or above the top of flare loops (referred to as the "loop-top" hereafter, or LT) (7, 12) , where a TS is presumably located. The often-cited observational evidence for a solar flare TS has been certain radio sources showing spectroscopic features similar to solar type II radio bursts (radio emission associated with propagating shocks in the outer corona), but with small drifts in their emission frequency as a function of time, which implies a standing shock wave (13) (14) (15) (16) (17) . However, because of the limited spectral imaging capabilities of the previous observations, none of these have shown direct signatures of the TS in terms of its characteristic morphology and dynamics, as well as a clear relation to the reconnection outflows, so that a definitive association with a TS could be demonstrated.
We present observations of a TS in an eruptive solar flare using the Karl G. Jansky Very Large Array (VLA). This eruption occurred close to the east limb of the Sun on 3 March 2012 (Fig. 1A) , producing a fast white light CME [~1000 km s ; observed by the Large Angle and Spectrometric Coronagraph Experiment (LASCO)] and a C1.9-class long-duration flare (18) . It displayed a cuspshaped reconnection geometry typical of the standard scenario of eruptive solar flares (7, 8) , in which the eruption outward into the upper corona stretches magnetic field lines behind it and induces a vertical current sheet, where magnetic reconnection occurs. The reconnected field lines below the reconnection site are pulled downward by magnetic tension to form an arcade of magnetic loops anchored at the solar surface. The arcade of reconnected loops subsequently fills with hot plasma and becomes bright in extreme ultraviolet (EUV) and soft x-ray (SXR) wavelengths. For this event, the eruption, the current-sheet-like structure, and the SCIENCE sciencemag.org Fig. 3 is marked by a large white arrow). The stochastic spike bursts are located near the endpoint of these PDs (green dots). Its spectrotemporal intensity variation is shown in the spatially resolved, or "vector" dynamic spectrum of (D) and (E), manifesting as many short-lived, narrow-frequency-bandwidth radio bursts. Two dotted lines in (D) mark the split-band feature (HF and LF denote the high-and low-frequency branch, respectively). A pair of arrows brackets a period when the TS experiences a major disruption, starting from 18:31:27 UT (start time t 0 ). (Fig. 1A) . A nonthermal HXR source appears at the LT during the rise phase of the flare, indicating the presence of accelerated electrons at this location (Fig. 1B) .
VLA images at 1 to 1.8 GHz show a localized radio source nearly cospatial with the HXR LT source, in addition to two other sources located near the conjugate magnetic footpoints (FPs) of the flaring loops (Fig. 1B and fig. S1 ). The VLA's simultaneous high spectral and temporal resolution (1 MHz and 50 ms, respectively, enabling high-cadence radio imaging spectroscopy) reveals the highly dynamic and fragmented nature of this LT radio source. It consists of thousands of shortlived (<50 ms) and narrow-frequency bandwidth (with spectral width dn=n ≈ 2%) brightenings (Fig. 2, D and E) (19) . These observations strongly imply that many short-lived emission events, which we term stochastic radio spikes, are occurring at the LT, which, as we will demonstrate, are associated with a dynamic TS.
Difference imaging in the EUV 94 Å passband of the Atmospheric Imaging Assembly (AIA) aboard the Solar Dynamics Observatory (20) reveals that many recurring plasma downflows (PDs) stream rapidly (at~550 km/s in projection) along the current sheet from the reconnection site downward to the flaring, reconnected loops. They end near the same location as the LT radio and HXR sources (Fig. 2C) . These fast PDs are thought to be associated with magnetic structures embedded in reconnection outflows, probably in the form of rapidly contracting magnetic loops (12) . The relative locations of the PDs and the radio/HXR LT sources agree very well with the scenario in which a TS forms at the ending fronts of fast reconnection outflows and drives particle acceleration.
The most direct observational evidence of the TS comes from the instantaneous spatial distribution of the myriad radio spikes at different frequencies, which forms a narrow surface at the LT region (Fig. 3A) . The location and morphology of this surface closely resemble those of a TS, as predicted in numerical simulations when viewed edge-on [(6, 9-11); see also Fig. 3B ]. The coronal HXR source is located slightly below this surface and evolves coherently with it ( Fig. 3A  and fig. S4 ), suggesting that this is nonthermal emission from accelerated electrons confined in the shock downstream region, possibly due to strong pitch-angle scattering and/or magnetic trapping in the turbulent environment (21) . The TS is probably a weak quasi-perpendicular fastmode shock, based on multiple lines of evidence (19) . A Mach number of M ≈ 1:5 can be inferred based on the interpretation of the split-band feature seen in the radio dynamic spectrum [marked HF (high-frequency) and LF (low-frequency) in Fig. 2D (19) ].
The TS front, as outlined by the radio spikes, reacts dynamically to the arrival of the fast PDs. Some PDs cause only partial disruption of the TS front, and the shock is quickly restored to its original state. Some other PDs, however, cause a major disruption of the TS. This process starts with the quasi-flat TS front being first driven concave-downward by a PD, followed by a breakup of the TS (Fig. 3D and fig. S4 ). To understand the dynamic nature of the TS, we used a magnetohydrodynamics (MHD) model to simulate magnetic reconnection in a standard flare geometry based on physical values constrained by the observations (19 Fig. 2E) . The TS appears as a dynamic surface delineated by the many unresolved radio sources, each of which corresponds to a radio spike in the dynamic spectrum at a given time and frequency (colored dots indicate their centroid location). White contours show the coronal HXR source at 15 to 25 keV. The grayscale background is the AIA 94 Å intensity. (B) The TS is seen in the MHD simulation as a sharp layer of velocity discontinuity at the LT. The fast-mode magnetosonic Mach number is shown in color, overlaid with magnetic field lines. (C) Physical scenario of emission processes near the TS. Radio spikes are emitted as accelerated electrons impinge on density fluctuations at the shock (blue circles). These electrons also produce a HXR source in the shock downstream region (blue shadowed region). (D and E) Observation and simulation of the TS disruption. A fast PD identified in the AIA 94 Å running-difference images (red circles) arrives at the TS at~18:31:15 UT (t 0 þ 18s) and disrupts the shock, which appears in the simulation as a rapidly contracting magnetic loop (red curve). Arrows show the velocity vectors.
can produce a TS in the LT region, and the observed morphology and dynamics of the TS are well reproduced by the simulations (Fig. 3, B and E, and movie S1). In the simulations, the observed PDs correspond to magnetic structures formed because of instabilities in the reconnection current sheet, which may facilitate the efficiency of the magnetic energy release that powers solar flares (22) .
During the largest disruption of the TS, the intensities of all of the three widely separated radio sources decrease simultaneously. The HXR flux above 15 keV is also abruptly reduced, whereas the SXR flux (<12 keV) is largely unaffected, which is consistent with a temporarily softened x-ray photon spectrum (Fig. 4) . Both phenomena suggest a temporary decrease of the number of energetic electrons. By fitting the observed x-ray spectrum using an isothermal plasma plus a nonthermal electron distribution with a powerlaw form, we confirmed that energetic electrons were much less abundant during the shock destruction: the total number of >18 keV electrons was reduced by~62% (19) . This is strong evidence that the TS plays a key role in accelerating the energetic electrons.
An important question is what emission mechanism is responsible for the multitudes of narrowband stochastic radio spikes at the TS. An attractive possibility is linear mode conversion of Langmuir waves on small-scale density fluctuations (23, 24) , a mechanism that has been explored in the context of radio bursts in the solar corona, in Earth's foreshock region, and near the heliospheric TS (24) (25) (26) . This mechanism requires both a source of Langmuir waves and the presence of smallscale density fluctuations. We suggest that electrons are accelerated in the turbulent plasma environment at the TS (5, 16, 27, 28) , an assumption supported by the HXR source at the LT (Fig.  3C) . These accelerated electrons are unstable to the production of Langmuir waves, which impinge on the small-scale density fluctuations associated with the turbulent medium and convert to electromagnetic waves near the local plasma frequency n pe ¼ ðe 2 n e =pm e Þ 1=2 ≈ 8980 ffiffiffiffiffi n e p Hz, where n e is the electron density (23, 24) . The frequency range of 1 to 1.8 GHz over which the spike bursts appear then implies a density range of n e ≈1:2 Â 10 10 to 4 Â 10 10 cm −3 , which is consistent with that from the x-ray spectral analysis (19) . The level of the density fluctuations dn e =n e is related to the observed spike bandwidths as dn e =n e ≈ 2dn=n, which is relatively small (4%). The spatial scales of the density fluctuations are also small, a few hundred kilometers at the maximum (19) .
A major theoretical concern regarding electron acceleration by a fast-mode quasi-perpendicular shock (as for the case of a TS) has been the injection problem: Electrons need to cross the shock front multiple times and/or be pre-accelerated to suprathermal energies in order to gain energy efficiently (2, 3, 27) . Our observations show strong evidence for the existence of many small-scale low-amplitude fluctuations at the TS front, which may serve as scattering agents that cause repeated passage of the electrons across the shock (5, (27) (28) (29) (30) . In addition, the nonthermal electron population is reduced but not eliminated during the TS disruption (Fig. 4 and fig. S5 ), which implies that electrons may have been pre-accelerated before they reach the shock, possibly at or near the reconnection site (2) (3) (4) 12) . Both signatures may contribute to resolving the injection problem.
By confirming the existence of the previously controversial solar flare TS and providing strong evidence for it being a particle accelerator, we have obtained new insights into the long-standing problem of particle acceleration in solar flares. Reduction of x-ray and radio flux during shock disruption. (A) Temporal evolution of total x-ray photon counts (curves) and power-law index of the x-ray photon spectrum (histogram). Examples of the observed and fitted x-ray spectra are shown in fig. S5 for selected times before and during the shock disruption (marked as t 1 , t 2 , and t 3 ). (B) Evolution of the spatially resolved radio flux of the LTsource and the two FP sources, showing a co-temporal radio flux reduction (see also fig. S1C ). Arrows bracket a period when the TS experiences a major disruption starting from 18:31:27 UT (or t 0 þ 30s, corresponding to the last panel of Fig. 3D ).
